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We calculate techni-pion masses of the walking technicolor (WTC), by explicitly evaluating non- 
trivial contributions from various possible chiral breaking sources in a concrete WTC setting of the 
one-family model. Our explicit computation of the mass and the coupling in this concrete model 
setting reveals that the techni-pions are on the order of several hundred GeV in the region to be 
\ discovered at LHC. 
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I. INTRODUCTION 



CO ■ Technicolor (TC) [J-Q provides the dynamical origin of the electroweak (EW) symmetry breaking by triggering 
condensation of techni-fermion bilinear, without introduction of a fundamental Higgs boson as in the standard model 
(SM). However, the original version of TC a naive scale- up version of QCD, has already been excluded due to the 
O ■ excessive flavor changing neutral currents (FCNC). 
I , The solution to the FCNC problem was given by the walking TC having large anomalous dimension 7,„ = 1 due 
to the scale- invariant (conformal) gauge dynamics with non-running coupling p|: The coupling is actually slowly 
(-H [ running (walking) in a non-perturbative sense a la Miransky 5]. (Subsequently similar ideas were proposed without 
I— I. notion of the anomalous dimension and the scale invariance 0[ ). The mass of techni-fermion mF{= O(lTeV)) 
is generated dynamically in such a way that m p near the critical coupling a ~ can be exponentially smaller than 
' ■ the cutoff A (to be identified with the scale of ETC A = Aetc 0{lQ^ - IQ-^TeV)), so-called Miransky scaling @, 
closely tied with the conformal phase transition [Tl| . Then the walking behavior extends in a wide region mp < p < A. 
] Such a scale- invariant dynamics may be realized in a model having a large number of techni-fermion flavors (iVrp), 
f — . ■ as exemplified by the large Np QCD which has an approximate infrared fixed point (IRFP) [l^] in the two- loop 
] beta function [ll], [l^, [13] : Thanks to the IRFP the two- loop coupling is almost non-running up till the scale Atc , 
. an analogue of Aqcd, above which the coupling runs as in a usual asymptotically free gauge theory like QCD and 
' hence Atc plays the role of the cutoff. In the same a way as the scale-invariant case, mp can be generated much 
CSJ . smaller than Atc a la- Miransky scaling and hence the non-perturbative walking regime of the coupling extends in a 
■ wide region of energy scale, mp < p < Atci whereas the asymptotically free region p > Atc will be embedded in 
^ , an ETC @ . The chiral condensate is enhanced by the large anomalous dimension of techni-fermion bilinear operator 
7m ~ 1, so that realistic masses of SM light fermions can be realized without suffering from the FCNC problem 

As a concrete realization of the walking TC which generally needs a large number of technifermion ffavors we may 
consider the Farhi-Susskind one-family model which consists of one-family of the techni-fermions (techni-quarks 
and -leptons) having the same SM gauge charges as those of the SM fermions (ordinary quarks and leptons). The 
global chiral symmetry breaking then gets enhanced from the minimal structure, SU{2)l x SU{2)pi — > SU{2)v as in 
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Another problem of the TC as a QCD scale-up is the electroweak constraints, so-called S and T parameters. This may also be improved 
in the walking TC 0, Si- Even if the walking TC in isolation cannot overcome this problem, there still exist a possibility that the 
problem may be resolved in the combined dynamical system including the SM fermion mass generation such as the extended TC (ETC) 
dynamics [^, in much the same way as the solution ("ideal fermion delocalization" ) 10] in the Higgsless models which simultaneously 
adjust S and T parameters by incorporating the SM fermion mass profile. 

The top mass is quite hard to be reproduced by the walking TC with anomalous dimension 7^ ~ 1. Other dynamics such as the top 
quark condensate [lal may be required. However, it was found ,16] that if we include additional four-fermion interactions like strong 
ETC, the anomalous dimension becomes much larger 1 < 7m < 2, which can boost the ETC-origin mass to arbitrarily large up till the 
techni-fermion mass scale ("strong ETC model"). (Subsequently the same effects were also noted without concept of the anomalous 
dimension 17].) 



2 



the SM, to an extended one, SU{8)l x SU{8)n — )■ SU{8)v, and hence gives rise to the associated sixty pseudo-Nambu 
Goldstone bosons ( "techni-pions" ) . (Three of the total sixty-three are eaten by the SM weak bosons.) Probing those 
techni-pions at collider experiments is thus necessary for discovering the walking TC. 

The presence of the wide walking region implies approximate scale invariance, which is broken spontaneously by 
the techni-fermion mass generation at the same time the chiral symmetry is broken. The associated pseudo-Nambu 
Goldstone boson, "techni-dilaton" [3], therefore emerges as a light composite scalar formed as techni-fermion and 
anti-techni-fermion bound state. The walking low-lying spectra would thus consist of techni-pions and techni-dilaton 
("walking pseudo's"), whose collider signatures would therefore serve as definite benchmarks toward discovery of the 
walking TC. 

Actually, the techni-dilaton signatures at the LHC have recently been discussed [T8l - [20| in comparison with the SM 
Higgs. It was shown that the characteristic signatures are seen through the diphoton channel either at around 125 
GeV consistently with the currently reported diphoton excess ^27] or above 600 GeV as a nonresonant excess in a 
higher energy region of the diphoton invariant mass distribution. 

In Ref. [221 > the other hand, the current LHC limits on techni-pions have also been discussed focusing on isospin- 
color singlet techni-pion (denoted as in the original literature [2]) in the diphoton and tau lepton pair channels, 
taking the pion mass as a free parameter. In the case of the one-family walking TC, however, the techni-pion masses 
can be pulled up to a higher scale than that expected from naive scaling of QCD Q. Such a naively believed folklore 
would be clarified by explicit estimate of techni-pion masses incorporating the essential features of walking dynamics, 
which would also find out more relevant parameter regions to search for walking techni-pions at the LHC. Actually, 
such explicit calculations have not been done so far. 

In this paper, we compute the mass and the coupling of techni-pions of a typical walking TC, the Farhi-Susskind one- 
family model [3], using recent results on a non per turbative analysis based on the ladder Schwinger-Dyson equation 
employed in a modern version of walking TC [23|. The masses of techni-pions charged under the EW gauges are 
calculated by evaluating one-EW gauge boson exchange diagrams, so that the contributions are cast into the form of 
integral over the momentum square with respect to difference between vector and axialvector current correlators 
(IIv-a), similarly to computation for charged pion mass in QCD. Though those current correlators are quite sensitive 
to ultraviolet behavior and thus the walking dynamics, it turns out that the EW gauge boson exchange contributions 
dramatically cancel each other in the ultraviolet region, as was discussed long ago for the naive-scale up version of 
QCD [2J-|2g|, so that there arise no sizable corrections to the masses. 

The colored techni-pions, on the other hand, get sizable ultraviolet contributions from one-gluon exchange diagram, 
in contrary to the charged pions. The size of corrections without ultraviolet cancellation is actually enhanced by 
a large logarithmic factor scaled with the ultraviolet scale of TC, Atci compared to the naive-scale up version of 
QCD 2). This is due to the characteristic ultraviolet scaling of Hv/_yi in the walking TC: the Hv_^ in the walking 
TC damps with the large anomalous dimension 7^ ~ 1 more slowly than that in QCD-like dynamics with 7^ — 0, 
in such a way that Hv-a ~ l/Q*"^^™. Thus the amount of integration over the momentum square gets larger 
than that in the case of QCD-like dynamics, depending on the size of the ultraviolet cutoff Atc, as was indicated in 
Ref. 0. 

As in Ref. 0, ETC-induced four-fermion interactions breaking the full chiral SU{8)l x SU{8)r symmetry into the 
separate chiral symmetries for techni-quarks and -leptons give the masses to techni-pions coupled to the separate chiral 
currents. The masses also get enhanced due to the chiral condensate enhanced by the large anomalous dimension, 
as has been expected Q. Precise estimates of the masses can then be made by using the recent nonperturbative 
results [2^ on the techni-fermion chiral condensate {FF) combined with the Pagels-Stokar formula [23| for the techni- 
pion decay constant F^, which allows us to evaluate (FF) in terms of F^^ fixed as = VEwf^ — 123 GeV. As a 
result, it turns out that all the techni-pions are on the order of several hundred GeV (See Table H]). 

Based on our estimation, we then discuss the plienomenological implications to the LHC signatures, focusing on 
neutral isosinglet techni-pions, in comparison with the SM Higgs. 

This paper is organized as follows: In Sec.|lT]we start with a brief review of a low energy effective Lagrangian, which 
consists of the walking pseudo's (techni-pions and techni-dilaton), based on nonlinear realization of both chiral and 
scale symmetries 18,- 20J. We then explicitly identify the techni-pion currents coupled to the SM gauge bosons and 
fermions and couplings necessary to calculate the techni-pion masses. The walking techni-pion masses are computed 
based on the standard current algebra. In Sec. Illll we address the phenomenological implications to the LHC focusing 
on neutral isosinglet techni-pions. Sec. IIVI is devoted to summary of this paper. In Appendix [X] we present a brief 
discussion about effects on techni-dilaton phenomenologies arising from the couplings to the techni-pions. 
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techni-pion 


current 


mass [GeV] (walking TC) 






449(537)^^ 


6a 




449(537) 


Tl {fl) 


^Qc7h75t'L (h.c.) 


299(358) J jrp- 




5^Qc7m75-£' (h-c.) 


299(358)y/^ 


P' 


^(07M75r*Q-3l7M75r'i) 


502 (ETC) 


pO 


3^(<37f75(3 - 3Z7^75-L) 


397 (ETC) 



TABLE I: The techni-pions, their associated currents and masses in the original one- family model 01 • The masses have been 
estimated including the enhancement of techni-fermion condensation in the case of walking TC with Atc = 10^ (10*) TeV (See 
text). Here \a {a = 1, - ■■ ,8) are the Gell-Mann matrices, r* SU{2) generators normalized as r' = /2 (i = 1,2,3) with the 
Pauli matrices cr\ and the label c attached on the color-triplet techni-pion field Tc stands for QCD-three colors, c = r,g, b. 

II. THE ONE-FAMILY WALKING TECHNI-PION MASSES AND COUPLINGS 

We begin with an effective Lagrangian relevant to the walking pseudo's (techni-pions and techni-dilaton) based 
on the nonlinear realization for both scale and chiral SU{Ntf)l x SU{N'tf)ii symmetries [T8l - l20j . The building 
blocks consist of the usual chiral nonlinear base U and techni-dilaton field (p. The U is parametrized as U — e^"/^^ 
where tt = tt^X^ {A = 1, - ■ ■ ,N^p — 1) with being generators of SU{Ntf) and denotes the decay constant 
associated with the spontaneous breaking of the chiral symmetry. The U then transforms under the chiral symmetry 
as — >■ gLUg\^ where gL,R & SU{Ntf)l,r, while under the scale symmetry SU = x^d^U so does tt. The techni- 
dilaton field (j) is, on the other hand, introduced so as to parametrize a nonlinear base for the scale symmetry, such 
that X = e*^/^* with the decay constant for the spontaneous breaking of the scale symmetry F^. The scale nonlinear 
base X then transforms with scale dimension 1, i. e., 5x = (1 + x'^d^)x so that (j) does nonlinearly as S(j) = F^ + x'^d^cf). 

One thus constructs the nonlinear Lagrangian |18l420l |: 

C = ^xMT^^U^V^U]+C^ff + --- (1) 

where V^U denotes the covariant derivative acting on U gauged only under the SM SU{i)c x SU{2)w x U{1)y 
gauge symmetries, which will later be specified to the case of the one-family model. The Yukawa interaction terms 
between the techni-pions and SM fermions arc included in C-j^ff which should involve a "spurion field" S{x) jJn23 
necessary to refiect the explicit breaking of the scale symmetry due to the dynamical mass generation of techni-fermion. 
Actually, the Yukawa couplings highly depend on modeling of ETC, which arise necessary through the ETC-gauge 
boson exchanges. We will later discuss the Yukawa couplings to fix the form by considering typical ETC exchange 
contributions. The ellipses in Eq.(IT]) include techni-pion mass terms which are to be studied later. 

A. Techni-pion couplings 

In the Farhi-Susskind one-family model 0, the chiral symmetry gets enhanced from the minimal SU{2)]^ x SU{2)ji 
to SU{2Nu)]^ X SU{2ND)fi, where Njj = 4 corresponding to three techni-quark (c = r,g, b) and one techni-lepton 
(L) doublets. The techni-fermion condensation (FF) 7^ {F = Q,L) therefore breaks the enlarged chiral symmetry 
down to SU (8)y , leading to sixty-three Nambu-Goldstone bosons in total. The three of them become unphysical to be 
eaten by W and Z bosons in the same way as in the usual Higgs mechanism, while the other sixty Nambu-Goldstone 
bosons become pseudos, techni-pions, to be massive in several ways. The techni-pions are classified by the isospin 
and QCD color charges, which are listed in Table U together with the characterized currents coupled to them, where 
the notation follows the original literature [5] . 

The techni-pion couplings in the one- family model are read off from Eq.([T|) once the broken generators X^ [A — 
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1, • • • ,63) appropriate to the corresponding broken currents listed in Table U are specified: 

63 3 3 

i=l 1=1 
3 8 8 
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a=l 



.(2) 



c—r,g,b i—1 



c—r,g,h 



(2) 



where 







5 13X3 











1 / T*(g)l 



3x3 



-3 • t' 



Xp = 



1 1 l6x6 




4^3 1^ 


— 3 • l2x2 



XI 



X, 



(1)» 

Tc 



1 ( T^®\a 




V2 V 
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ir' (g) 4t 









« • 12X2 «) £,1 





(3) 



with being a three-dimensional unit vector in color space and the generators normalized as Ti[X^X^] — S"^^ /2. 
The color-triplet techni-pions {T*, T*} and {Tc, Tj are respectively constructed from {(Ti^^)% (Ti^')*} and {ri^\ ri^^} 
as 



^2 



V2 



V2 



(4) 



The covariant derivative {V^JJ) in Eq.(IT]) now reads 

= 2gwWlXl,,,^ + l^gyB^Xp + V25,G^Xe„ , 
- 2.gyi3^ + -^Xp^ + V2gsG;Xe^ . 

With this covariant derivative, one can easily see that the |2?^L/p term in Eq.([T]) gives the W boson mass. 



(5) 



(6) 



as well as the Z boson mass, where wew — 246 GeV. 

In order to study the techni-pion LHC phenomenologies later, we shall next derive the techni-pion couplings to the 
SM particles. 



1. Couplings to the SM gauge bosons 

The techni-pion couplings to two SM gauge bosons arise from the (covariantized) Wess-Zumino-Witten (WZW) 
term [2^ related to the non-Abelian SU{8)l x SU{8)r anomaly, 

5wzw[f/,/:,7^], (7) 
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which inchides the couphngs as 

s'wzw[t/,/:,7^] 3 [ \tT[{dcc + cdC)a + idnn + ndn)p] 

487r^ J Mi 



+iti[d£dUTZU'' - dTZdU''CU]j 
/ tr \{3dVdV + dAdA) TT + ©(tt^)] , (8) 

TT^-fSr J Mi 
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where denote a four-dimensional Minkowski manifold and the things have been written in differential form, and 

a^-idUU\ (9) 

The vector and axialvector fields, V and A, are expressed in terms of W^,Z, photon (A) and gluon (G) fields as 
follows: 

V = = .g.G'^A" + eQem^ + (^3 - 2s^Q,^) {W+I+ + , 

Z Zsc v2s 

where s {c^ — 1 — s"^) denotes the standard weak mixing angle defined by gw — e/s and gy — e/c, and 

Y = -^Xp , /+ = Xl,,,, + zXit,, , /_ - (/+)t . (11) 

Substituting these expressions into the last line of Eg.® we find the techni-pion couplings to two gauge bosons. To 
the neutral and colorless pion P'^ and color-octet pion 6a, for instance, we have 

Spogg = ^^TC ||_ f pO^Qa^Qa^ 

16v37r2 J Mi 



Spoz, = [ pOdzdA, 

^ 6V37r2 cF^ J Mi 

^P°ZZ = 3 2F / P dZdZ, 

'S'poww = 0, (12) 



and 



^Sgg — — „ -fT / dabc&^dG'^dG'^' , dafcc = 7Tr[Aa{Af,, Ac}] 

8v 27r^ i^TT J A/* 4 



^''27 = -Ti?^i^ / SadAdG'^. (13) 



12N/27r2 



Note that the P^-W-W coupling vanishes because the vertex cx tr[Xp] = which means the cancellation between 
techni-quark and -Icpton contributions. 



2. Couphngs to the SM fermions 



As was noted at the beginning of this section, the Yukawa couplings between the techni-pions and SM fermions 
depend on models of ETC. We shall here consider a typical ETC embedding the one- family techni- fermions and SM 
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fermions in a single multiplet. We assume that the ETC carries no SM charges and chiral techni-quarks Ql,r = 
{U,D)l^ji and -leptons L^n — (iV, are separately included in the ETC multiplets, Ql,r = {Q,q}L,R and 

^L,R = {L,1}l,r, along with the SM quarks qlm = iqu,qd)LM and leptons Il,r = {v,i)L,R- We focus only on 
flavor-diagonal couplings to avoid the FCNC problem. Then the ETC gauge boson exchanges generically generate 
the induced four-fermion interactions at the scale Aetc as 



/-off _ _ 1 
^ETC — ITT 



ETC 



(14) 



where and T'-' denote the ETC generators corresponding to the Q and C multiplets, respectively. Performing 
Fiertz rearrangement and picking up only the scalar (5) and pseudo-scalar {pS) channels, we are thus left with 

-^ETC = (Q^ - QlbUq^^qu H ) 

+Gc {LEU - E-i^Ehd + •••)' (15) 

where Gq^c ~ l/Agxc "which involves all the numerical factors arising from the Fiertz transformation on the Dirac 
spinors, ETC generators and T^. The first terms in the first and second lines lead to the SM quark and lepton 
masses through the techni-quark and -lepton condensates, 

mq - -Gq{QU) , mi = -Gc{LE) . (16) 

We next consider the techni-pion couplings to techni-quarks and -leptons. They are completely determined by the 
low-energy theorem based on the Ward-Takahashi identities for the axialvector current : 

lim q^' [ d'^ze"^^0\Tjf^{z)F{x)F{0)\0) = 55(0|TF(x)i^(0)|0) , (17) 



where S^O = [iQ5,0] denotes the infinitesimal chiral transformation under the chiral charge Q5 — J (PxJq{x) 
associated with the axialvector current J^^. The left hand side is saturated by the techni-pion pole: 

(L.H.S) = F^iiriq = 0)\TF{x)F{0)\0) , (18) 

where the techni-pion decay constant has been defined as 

{0\4{x)\n{q)) ^ -tF^q.e-^"^ . (19) 

Taking the Fourier transform of Eq. (|17p with respect to p, we find the amputated Yukawa vertex function XTrFF{0-,p)'. 

X.ff{0,p) = Sp\p)-{7riq^O)\TF{x)FmO)-SpHp) 

= Sf\p) ■ (^jrS.SFip)^ ■ Sp\p) = ^l-S5Sp\p) . (20) 

with Spip) being the (full) _F-ferniion propagator. 

To be concrete, consider the techni-pion. Then the chiral transformations for the techni-quark and -leptons are 
read off from Table[T]as SpoQ{x) ~ ~j^j^Q[x) and 5poL{x) = -^^j^L^x), so that 

SpoSg^ip) = -^^i{j5,SQ^{p)} = -^^ij5J:Q{p^) ■ Zq{p^) , 

6poS^\p) - J-^{^,^SZ\P)}^ ^z75SL(p2)-Zi(p2), (21) 

where we have parametrized the P-fermion propagator as Sp{p) — [iZp{p'^){'Sp{p'^) — /5)]^^ with the mass function 
Sp'(p^) and wavefunction renornialization ZpijP'). Putting Eq.()2ip into Eq. ()20p and defining the renormalized Yukawa 
vertex function as 

XpopFi^.P) = Zp\p')xpoFF{0,p) , (22) 
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FIG. 1: The diagram yielding the techni-pion Yukawa vertex amphtude to the SM quarks and leptons such as Ea. (|24ll . involving 
the ETC-induced four-fermion vertices in Ea. (|15|) and the techni-pion Yukawa vertices to the SM fermions in Ea. (|23p . 



we thus find 



Xpoqq{^.p) = 



2^3 ' 
2^/3 



(23) 



Now that we have obtained the Yukawa vertex functions in Eq. (j23p and specified the ETC-induced four-fermion 
terms in Ea.([T5|). it is straightforward to calculate the techni-pion Yukawa coupling to the SM quarks and leptons 
just by evaluating the following amplitude (See Fig.[T|): 



iM{P\0)J{p)J{p)) 



.Cf ■ ^^Tr 
' 2^/3F^ 



(2^ 



[5|?(fc)75^|?(fc)75S(fc2)] • Uf{p)^^uf{p) ., 



(24) 



where C/ = (1,-3) for / = {q,l), Uf{p) is the wavefunction of /-fermion and Sp{p) is the renormalized propagator 
for the i^-fermion defined as Sp{p) = [i{T,p{p'^) — ^)]~^. This amplitude is rewritten as 



iA^(P°(0),/(p),/(p)) - -Cf 



G 



2V3F^ 



Tr 



(2^ 



[5|(fc)] • Uf{p)j5Uf{p) 



G 



QX 



2V3F^ 



Noting Eq.din]), we find 



iM{P',q{p),q{p)) 
iM{P°J{p),l{p)) - 
These matrix elements imply the Yukawa coupling terms: 



(FF) ■ Uf{p)-f5Uf{p) . 



Uq{ph5Uqip) , 



(25) 



2V3F^ 
3mi 



2V3F^ 



ui{p)j5Ui{p) ■ 



C 



2V3F^ 



E 



(26) 



(27) 



One can easily derive similar formulas for other techni-pions. For instance, it turns out that the Oa-f-f coupling 
takes the form 



eff 



V2i 



J2 "^9975 i^)<l 



(28) 



A set of more general Yukawa coupling terms was discussed in Ref. |29|| . 
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FIG. 2: The one-photon and Z boson exchange graphs contributing to the masses of the electrically charged pions tt^ = 

{9^,T±(r±),p±}. 



B. Techni-pion masses 



In this subsection we shall calculate the techni-pion masses in the one-family model embedded in the walking TC. 
The masses of techni-pions arise as explicit breaking effects of the full chiral SU{8)l x SU{8)ii symmetry associated 
with the chiral transformation yielding the chiral currents as listed in Table HI There are two sources giving such 
explicit breaking effects: one is from the SM gauge interactions, while the other from ETC-induced four-fermion 
interactions. 



1. Electroweak- origin mass 

The EW radiative corrections give rise to masses for the charged techni-pions, tt^ = {9^ ,T^{T^), P^}, analogously 
to electromagnetic corrections to the charged pion mass in QCD. The charged pion mass-squared Am^± can be 
estimated by taking into account one-photon and -Z boson exchanges as illustrated in Fig. [21 

(AmU), = -^e' 1 d''xDll\x){7r+\TJi:^{x)j::^m7r+), 



iAmU)z - -'--^ I d^xDllHx){n+\Tr^{x)r^m7r+) , , (29) 



2 



2 4s2c2 

where d'^Z'^'' denote the photon and Z boson propagators, s'^{= 1 — c^) stands for the usual weak mixing angle and 
"^em z electromagnetic and Z boson currents composed of techni-fermions {Qc, L) defined by 



(c' - s^) {QcI^t'^Q, + Lj'^T^L} ~ 2s^ S^^Qcl'^Qc - l^rL^ - {Q^T^Tst^Qc + £7^75^^^} .(30) 



By using the reduction formula together with the partially conserved axialvector current (PCAC): d^J^±{x) — 

V^FTrm^TT^ (x) , the current algebra technique allows us to rewrite Eq. ([29l) in terms of the vector and axialvector 
current correlators. 

To the colorless-electrically charged techni-pions P^ coupled to the associated currents Jp± = j^lQ^^f^^^T^Q^ — 
3^7^75 r^L], we find 

/•OO 

i^^Uh = r ^?^\^^^AiQ') + 9^^-A{Q')] , (31) 
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where ttEM = e^/(47r) and = —p^ denotes Euclidean momentum-squared and ny_^((5^) = ^viQ^) ^ ^a^Q^) 
W{A) """^"'^ ^ + „„ 



(F = Qc, L) with Ily,^-, being vector (axialvector) current correlator defined as 



I j d^xe-'P'%Q\T{F{x)-i^T''F{x)F{Q)YT''F{Q))\Q) ^ - g^"^^ J'^''n^(Q2) ^ (32) 

I J d'xe-^P^O\T (F(x)7^75T"i^(a;)F(0)7''75r''F(0)) |0) = - g'^'^) ^'^''nSlQ^) . (33) 

Note the relative sign between the photon and Z boson contributions in Eq. pip , which give the dramatic cancellation 
in a way similar to the collective symmetry breaking in the little Higgs, such that the total contribution becomes 



2 _ Q;em 

16^.2 Jo 



2 / ,^2 

Amp± = ^^ -^^ I aQ 



Il^^AQ')+^^v-AiQ') • (34) 



It is easy to derive similar formulas for the other charged techni-pions as well. 
The right hand side of Eq.(p4|) can be split into two terms: 



where ~ '^W^ above which scale (Q^ > A^) the operator product expansion for Hy j^{Q^) is assumed to be 

valid. The contributions in the infrared region (Q^ < A^) can be computed using the current algebra [HI or chiral 
perturbation [2^, [2^ , so that the first term in Eq. (1351) yields 

(Am^±)Q.<A. = ^m|log^ ^ (9GeV)2 , (36) 
47r 

for Ftj = 123 GeV. On the other hand, the ultraviolet region {Q^ > A^) we may use the operator product expansion, 



with a renormalization scale /i. Taking into account (LL) — 1/3{QQ) and letting (LL) be {FF), we thus find 



A^c(^°°) 7772 r ^ n 487r(FF)? / ,7,2 ^ 



where we used a ~ ac = 7r/3(C2(F)) = „,^.^f^f^, il. 

In order to make the right hand side of Eg. ([55)) more explicit, we shall evaluate the chiral condensate (FF), 

Ni-n n /•Atc/"4^°° xY.(x) 

where T,{x) = 'E,{—p^)/mp denotes the mass function of techni-fermion normalized as S(l) = 1. At the dynamical 
techni-fermion mass scale mp, the chiral condensate may be defined as 

{FF)^, = -K.^ml. , (40) 



where Kc is an overall coefficient to be determined once the nonperturbative calculation is done. Using the scaling law 

J 1 



{FF)a^^ ^ ( — ) (FF)^ , 7m 1 . (41) 



For the presence of the number of fermions in the chiral symmetry breaking scale A^, see Refs. [30II . 
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^.^-4^™^ (42) 



Note that the dynamical mass mp can in general be related to the techni-pion decay constant F-^ as 

r2 _ ,.2 ^TC _2 

47r2 

with the overall coefficient Kp to be fixed by the straightforward calculation. Using Eqs. dMl) and together with 
Ea. (|4ip we thus express the chiral condensate renormalized at A^^, in terms of F,^: 

(^^)a, - - (^) A,^^^ (43) 

Putting Eq. pH]) into Eg. ([55)1 and taking into account Eq. ([55)) . we arrive at a concise formula, 



Note that the second term from the ultraviolet region (Q^ > A^) is almost negligible since (m^/A^)^ ~ 1Q~^ x 
Ntp. Thus the EW corrections to the charged techni-pion mass in the walking TC are dominated by the infrared 
contributions of order of a few GeV (Eq. ([55|) ). to be negligible compared to another source from ETC as will be 
discussed later. 



2. QCD-origm mass 

The QCD-gluon exchanges give masses to the colored techni-pions, 6*^, 9a and {T^)- Those corrections can be 
estimated in a way similar to the photon contribution to the charged pion mass discussed above, simply by scaling 

^"''^ -C.(i?)^^, (45) 



(Am^±)^ in Eq.^ 



(Am2^)^ q;em(A,, 

where C2{R) — |(3) for color-triplets (-octets). The photon exchange contribution (ATO^±)-y is decomposed into two 
parts, infrared and ultraviolet terms, in the same way as done in Eg. psp . The ultraviolet term then turns out to be 
highly dominant due to the large logarithmic enhancement coming from the slow damping behavior of Iiv-A(Q'^) in 
the walking TC, n(:_^(Q2) - {FF)^/Q^ (See Eq.^): 



9aEM 



,(->oo) 



where we used Eq. (|43)) and put q;(A^) = etc = 7r/(3C2(-F')). The colored techni-pion masses are thus estimated for 
triplets and octets as follows: 



1.4\^ 



A.3 :. 299 (358)GeV;^(£^) (-^ 

^-«-449(537)GeVy^(£^)fMV, (47) 



Kp 



for Atc — 10^(10'^) TeV. Here we have used as{A^) ~ 0.1, F^^ = 123 GeV and taken the values of Kc and Kp from 
the recent result based on the ladder Schwinger-Dyson analysis [23| . 

The estimated numbers in Eq. (|47l) are compared with those based on a naive scale- up version of QCD 01, which are 
obtained by replacing (Am^i)^ with (Am^±)QCD — (35MeV)2 and supplying the scaling factor [F-^/ firY — (1323)^ 
in the right hand side of Eq. pSj) : 



QCD-scale up: Amg ~ 193 GeVW -— , Amg ~ 290 GeVj -— . (48) 

V ^TC V A'tc 

This implies that the masses are enhanced by about 50% (85%) for Atc — lO'^(lO^) TeV due to the walking dynamics 
yielding the slow damping behavior of ^v-a{Q'^) in the high momentum region, in accord with a recent discussion 
in Ref. M. 
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3. ETC-origin mass 

The techni-pions P*'" (i — 1,2,3) associated with the currents generated by the separate chiral rotations between 
techni-quarks and -leptons may acquire the masses by ETC-induced four-fermion interactions as in Eq. (jl5l) . 



£f™,^i(AETc) = [QQLL - Qj^cr'^QHa'^L] , (49) 

which is SM gauge-invariant but breaks the fuU chiral symmetry into the separate chiral symmetries associated 
with the techni-quarks and -leptons. The masses are then calculated in a way similar to the gauge boson exchange 
contributions to the charged pion masses in Eq. (1291) with use of the reduction formula, current algebra and associated 
PCAC relations a^J^,,o(a;) = F^to|,P*^"(x): 

(Am^.,o)ETC = -(P*'"|/:f^L„i(AETc)|/'^'") 

= ^(0|[Qp.o,[Qp.o,/:f™,„i(AETc)]]|0), (50) 

where Qpi,o denote the chiral charges defined as Qpi,o — J (PxJpi_o{x). For each techni-pion, we thns find 

40 (0|(QQZL)a,,c|0) 5 (0|(FF)a,,J0)2 



(Atopo)etc 



48 F2A|^c 2 F2A|tc 

16 (0|(QQLL)a,,c|0) _ , (0|(FF)a,,JO) 



2 



(AmpOETC - s;jT2 =4 ■ (51) 



Using Eqs. (HT]) and we arrive at 



12 F^A^j,fj F^Agrpj^ 



.0/ \kf 

2 



where in the last expressions we have quoted the values of and n p from Ref . |23j . It is remarkable to note that since 
the mass becomes larger than the top quark mass, the current experimental limits on charged Higgs bosons (sij 
are inapplicable to the walking P*, where the limits are set based on the top quark decays to the charged Higgs. A 
new proposal to constrain the walking P* is to be explored in the future. 

To summarize, all the estimated masses that have been discussed so far are displayed in Table HI 

III. THE LHC SIGNATURES OF ONE-FAMILY WALKING TECHNI-PIONS 

In this section we shall discuss the LHC signatures of the one-family walking techni-pions, especially focusing on 
neutral isosinglet scalars (P° and 9a), in comparison with the SM Higgs. 

A. Isosinglet-colorless techni-pion P^' 
From Eg.p^ we compute the P" decay widths to the SM gauge boson pairs to get 



r(P° ^ 99) 
r(p" -> 77) 

r(p° ^ Z7) 



12v^7r3 



54%/27r 



3 



27\/27r3c2 V '"Po 
N^ralMGFm%os'^ 4m| 



54V27r3c4 

r(P° ^ WW) = , (53) 
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A^TC 


rfot [GeV] 


BRgg 


BR.,+,- 


BRtf 






3 


4.0 


4.3 X 10-2 


6.1 X 10-* 


9.5 X 10-^ 






4 


4.2 


7.4 X 10-2 


5.9 X 10-* 


9.2 X 10-^ 








rcF 


' BR 


'BR 


'BR 




Rtt 


3 


5.0 


35 


21 


6.5 


96 


30 


4 


9.0 


60 


20 


6.3 


165 


52 



TABLE II: The P total width, relevant branching fraction and numbers regarding the LHC signatures at 397 GeV. Here 
we have defined: tgf = ""qp/ctqp" with the gluon fusion production cross section at y/s = 7 TeV (tgf; Tbr = BR(P'' — > 
X)/BR(/isM — >■ X)\ Rx = roF x Tbr- The branching ratios and 7 TeV LHC production cross section for the SM Higgs are 
taken from Ref. [34. 



where use has been made of F^^ = vew/'^ and l/v^w — V^Gp with Gp being the Fermi constant. Similarly from 
Ea.([27)). we also calculate the decay rates to the SM fermion pairs to find 



1/2 



4V27r \^ m^po J 

where Af = 1(3) for quarks (leptons). 

Of interest is that the P° decays to W and Z boson pairs are highly suppressed, as was noted in Ref. [2^ . 
due to the techni-quark and lepton cancellation in loops. The is thus almost completely gaugephobic to be 
definitely distinguishable from the SM Higgs at the LHC. Besides the obvious WW mode, one can indeed check the 
gaugephobicity also to ZZ mode by evaluating a ratio of the P*^ ZZ decay width to the corresponding quantity of 
the SM Higgs which roughly scales like 

r(P°^ZZ) ^fNTcy( V2aEM sA' r^jNrrcV 

Thus the P" signals through decays to the weak gauge bosons are to be almost invisible at the LHC. 

On the other hand, the P° decays to fermion pairs get enhanced since the gluon fusion (GF) production cross 
section is highly enhanced (by about factor 10) due to techni-fermion loop contributions: 



(56) 



where heavy quark mass limit for top and bottom quarks has been taken. Accordingly, the cross section times 
branching ratio for decays to the light fermion pairs are also enhanced compared to those of the SM Higgs. In fact, 
the current LHC data on the t^t~ channel severely constrains the P° mass to exclude it up to nipo = 2mt [23 |. 
Note, however, that, as shown in the previous section, the typical value of mpo estimated in the walking TC exceeds 
the top pair threshold, i.e., mpo = 397 GeV (See Table H]). In such a higher mass region mpo > 2mu the cross section 
(j{pp — >■ P*^ — >■ T+T-) gets highly suppressed to be about order of 10"^ pb at around 397 GeV [23 , which is well 
below the current 95% C.L. upper bound ^ 1 pb at around 397 GeV [33]. This is because the tt channel is open to 
be dominant. See Fig. [S] 

In Ref. [22] the analysis has been done with simple-minded Yukawa couplings for techni-pions assumed, namely, 
setting the overall factors associated with the pion currents, like (l/2-\/3, 3/2\/3) for the couplings {gpOqq, gpoa) in 
Eq. ([27l) ■ to unity. The present study has properly incorporated such factors specific to the one- family techni-pions, so 
that the current LHC limit from the r+r^ channel gets slightly modified as seen from Fig. [3] to allow a small window 
below 2mt. 

The branching fraction of P" with mpo — 397 GeV is indeed governed by the ti mode, which is about 99% compared 
to the SM Higgs case at around 397 GeV BR^'|^" ~ 15% [s^], but the total width remains as small as a few GeV, so 
it is still a narrow resonance. Thus the peak in the highly enhanced ti channel will be distinct to be measured by 
the tt invariant mass distribution [34] . Figure 2] shows the P° contribution to the tt total cross section in the narrow 
width approximation as a function of the mass in a range above 2mt. The P° resonance effect thus will yield 
about 8 pb to the tt total cross section at the mass mpo = 397 GeV, which is still within the current 1 sigma error 
of the Gti measurement at the LHC ^] and hence will be tested more clearly by the upcoming 2012 data. 
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10 
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FIG. 3: The cross section (tgf(pp — >■ P'^) times branching ratio BR(P'' — >■ r^r~) as a function of the P'' mass in a high mass 
range up to 600 GeV for A^rc = 3 (dashed black) and 4 (dotted black) at the 7 TeV LHC in unit of pb. The red dotted line 
stands for the current 95% CL upper bound from the ATLAS experiments with 1.06 fb~^ [33 |. 

A'tc=3;V7=7 TeV (solid), 8 TeV (dashed) 

100 , < 




0.01^ 
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400 



450 500 
Mpo [GeV] 



550 
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FIG. 4: The P*^ contribution to the tt total cross section as a function of the P" mass for A^'tc = 3 at y/s = 7 TeV (solid) and 
8 TeV (dashed), in unit of pb. 



Ntc 


= 449 [GeV] 


rfot [GeV] 


BRgg 


BRgZ 




BR«- 


3 


449 


23 


1.4 X 10~^ 


3.1 X 10~^ 


1.2 X 10"^ 


9.8 X 10"^ 


4 


389 


14 


2.5 X 10"^ 


5.3 X 10"^ 


2.2 X 10"" 


9.7 X 10"^ 




roF 




''br 


Rti 






3 


51 


12 


5.1 


234 






4 


91 


20 


7.4 


625 







TABLE III: The 6a total width, relevant branching fraction and numbers regarding the LHC signatures. Here we have defined: 
rcF = ''"gf/''^gf" with the gluon fusion production cross section at yfs = 7 TeV ctgf; = BR(^a -> X)/BR(/ism — >■ X)\ 
Rx = tgf X rgf^. The branching ratios and 7 TeV LHC production cross section for the SM Higgs are taken from Ref. [3^ . 
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B. Isosinglet-color octet techni-pion 9a 

From Eas. p3| and ([28| , the 9a decay widths to the SM gauge boson and fermion pairs are calculated to be 



^ gg) 
r(0a ^ Zg) 

r(^a ^ 75) 



72^/27r3c' 



48%/27r3 

72\/27r3 ' 
Gprng ml j Ami 




1/2 



r(0, ^ gg) = 1 - ^ ■ (57) 



The total width and branching ratios at mg^ = 449 GeV \/3/Ntc are shown in Table [TTI] for A'^tc = 3, 4. The GF 
dominates in the 0a production process at the LHC, yielding the production cross section enhanced by the QCD color 
factor {N^ — 1) and techni-fcrmion loop contributions, to be larger than that of the SM Higgs by about factor 10^: 

''}S9~>y = (^2 _ 1) ^ m ^ gg) ^ , _ 1) f ^ V , (58) 

where Nc = 3 and heavy quark mass limit for top and bottom quarks has been taken. The 9a almost completely 
decays to tt pair with the partial decay rate T{9a — >■ tt){~ rg°*)|449GcV — 23(14) GeV for A''tc — 3(4), which is 
comparable to that of the SM Higgs at the same mass. In spite of the large decay rate to ti, the total width is 
small enough to treat the 9a to be a narrow resonance. The 9a is thus expected to give a large and sharp resonant 
contribution to the LHC tt events. 

The 9a contribution to the ti total cross section at ^/s — 7 TeV in the narrow width approximation is estimated at 
the mass mg^ — 449 GeV for A'tc = 3 to be 

« ctgf(w ^ 9a) X BR(0„ ^ tt) 

m8^=449GcV me„ =449GoV 

~ 60 pb, (59) 

which is somewhat too large, yielding 30% of the presently observed cross section Cti — 180 pb with the accuracy 
about 13% [HI. The current LHC data on the tt cross section thus require the 9a mass to be below the threshold for 
the top quark pair, namely, A^tc ^ 6. 

Another interesting discovery channel for the 9a would be the 9a gZ/"i mode [36]. The cross section may be 
evaluated by assuming the GF dominance and taking the narrow width approximation: 

ctgf(pp -^9a^ gZj-i) w ogy{vV ^ Qa) X BR(6'q gZji) 

32712/- V{9a^gg)^Wa^gZh) 
= / dr] fg/p{VTe'',mg)fg/pWTe "^.mgJ-Cz/^ 60) 

S J a a, all 

with a pseudorapidity rj cut fiducially at \?]\ = 2.5 [37| and the parton distribution function fg/p from CTEQ6 [s^ . 
Here Cz/-y denotes the multiplication factor for the initial, resonance and final states for the partonic cross section, 
i.e., Cz/-y — (| • |)gg X (8)e„ X (i • ^i^))gz/-y In Fig. [5]the predicted cross section is plotted as a function of the 9a 

mass mg^. For the reference value mg^ = 449 GeV^/3/N^x: with A'tc = 6, the expected total number of the gZ{'-f) 
events will roughly be a few (ten) thousands for 5 fb~^ data at -y/s = 8 TeV. The estimate of SM background and 
significance for the discovery will be pursued in another publication. 



IV. SUMMARY 



We have explicitly computed the techni-pion masses in the Farhi-Susskind one-family model taking into account 
essential features of walking TC. The explicit estimate of the masses was done by using recent results on a nonper- 
turbative analysis based on the ladder Schwinger-Dyson equation employed in a modern version of walking TC. 
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Ntc=3 (solid), 6 (dashed); V7 =8 TeV A'tc=3 (solid), 6 (dashed); V7 =8 TeV 




200 400 600 800 1000 200 400 600 800 1000 

Msa IGeV] Me, [GeV] 



FIG. 5: The predicted 9a contribution to the LHC cross sections cT{pp — >■ gZ) (left panel) and (j{pp — >■ 57) (right panel) as a 
function of the 6a mass for A'^tc ~ 3 (solid) and 6 (dashed) with ^/s = 8 TeV fixed, in unit of pb. 

The charged pion masses were calculated by evaluating one-EW gauge boson exchange diagrams, to show that the 
collected contributions take the form of integral over the momentum square with respect to difference between 
vector and axialvector current correlators Hv-a, similarly to computation for charged pion mass in QCD. The EW 
gauge boson contributions were shown to dramatically cancel each other, so that there are no sizable corrections to 
the masses, although the ITy-^ is quite sensitive to the walking dynamics. 

In contrast, sizable corrections were seen in the one-gluon exchange diagram yielding the colored techni-pion masses. 
We found that the size of correction is actually enhanced by a large logarithmic factor log Atc / -PV , compared to the 
naive-scale up version of TC. This is due to the characteristic ultraviolet scaling of Ily.^ in the walking TC, which can 
be seen in the asymptotic form of Ily-yi for ultraviolet region through the slow damping behavior, Ily-A ~ 1 /Q*"^'''™ . 

We also evaluated an ETC-induced four-fermion interaction breaking separate chiral symmetry between techni- 
quarks and -leptons, which gives the masses to techni-pions coupled to the separate chiral currents. The masses were 
shown to be enhanced due to the chiral condensate enhanced by the large anomalous dimension. 

It then turned out that all the techni-pions are on the order of several hundred GeV (See Table H]). 

Based on our estimation, we finally discussed the phenomenological implications to the LHC signatures, focusing 
on neutral isosinglet techni-pions (P" and 9a), in comparison with the SM Higgs. We found the characteristic LHC 
signatures can be seen through excessive top quark productions for both two techni-pions. More on the techni-pion 
LHC studies is to be pursued in the future. 
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Appendix A: Techni-dilaton 

In this Appendix we shall briefly address the phenomenological contributions to techni-dilaton signatures coming 
from the techni-pion couplings. 

From Eq.([T]) we read off the techni-dilaton couplings to the SM particles and techni-pions. The formulas for decays to 
the SM particles were previously reported in Ref. (l8l - l20| . While the partial width for two-body decay to techni-pions 
is calculated as 

r{^^p^pB)^6^^^^(i-^^] , (A.i) 

where A, B denote labels of techni-pions used as in Table U and we have set 7^, ~ 1. In deriving Ea. (jA.l[) we added 
the appropriate techni-pion mass terms in Eq.(IT]). 
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IFM with Ntc=3 (solid),5 (dashed),? (dotted) and 9 (dot-dashed) 




200 400 500 800 1000 



FIG. 6: The total width of techni-dilaton as a function of in unit of GeV drawn by black solid (A'^rc = 3), dashed 
(A^TC = 4), dotted (A''tc = 5) and dot-dashed (A^tc = 6) curves, in comparison with that of the SM Higgs (red dotted curve). 
Use has been made of the reference values of techni-pion masses listed in Table U for Atc = 10^ TeV. 




FIG. 7: The techni-dilaton branching fraction for the higher mass range 500 < < 1000 GeV. The number of TC A'tc 
and Atc have been taken to be 3 and 10"^ TeV, respectively. The color-triplet (Tc,Tc) and -octet (6^,60) techni-pions are 
collectively expressed as Tz and Og,, respectively. The techni-pion masses are set to the reference values listed in Tabled 



Combining Eq. (jA.ip with the previously reported ones for the SM particles and using mp — 319 GeV ^^j^ and 

Fcf, — 383 GeV( ^"'j^°'^ ) p^| - |20j . we plot the total width as a function of with A'tc — 3 taken, in comparison with 
the SM Higgs case. Also have been used the reference values of techni-pion masses listed in Table HI Looking at this 
figure, we see that the total width becomes much larger than that of the SM Higgs at around 500 GeV. This happens 
because the decay channel for color-triplet techni-pion pair starts to be kinematically allowed. 

The branching fraction in fact becomes dramatically changed above around 500 GeV since a new decay channel to 
the lightest techni-pion TcT^ pair (See TableH]) starts to open to be dominant. In Fig.[7]we show the branching fraction 
for mass range 500 < Mj, <- 1000 GeV taking A^xc = 3 and Atc = 10'^ TeV. For the associated LHC signatures of 
techni-dilaton, see Refs. [18l - l2(j |. 



[1] S. Weinberg, Phys. Rev. D 13, 974 (1976); L. Susskind, Phys. Rev. D 20, 2619 (1979). 
[2] E. Farhi and L. Susskind, Phys. Rept. 74, 277 (1981). 

[3] For other reviews, see, e.g., K. Yamawaki, Lecture at 14th Symposium on Theoretical Physics, Cheju, Korea, July 1995, 



17 



[arXiv:hep-ph/9603293': C. T. Hill and E. H. Simmons, Phys. Kept. 381, 235 (2003) [Erratum-ibid. 390, 553 (2004)]; 

F. Sannino, Acta Phys. Polon. B40, 3533-3743 (2009). 
[4] K. Yamawaki, M. Bando and K. Matumoto, Phys. Rev. Lett. 56, 1335 (1986); M. Bando, T. Morozumi, H. So and 

K. Yamawaki, Phys. Rev. Lett. 59, 389 (1987); M. Bando, K. Matumoto and K. Yamawaki, Phys. Lett. B 178, 308 (1986). 
[5] V. A. Miransky, Nuovo Cim. A 90, 149 (1985). 

[6] T. Akiba and T. Yanagida, Phys. Lett. B 169, 432 (1986); T. W. Appelquist, D. KarabaU and L. C. R. Wijewardhana, 
Phys. Rev. Lett. 57, 957 (1986); Work without concept of anomalous dimension was also done earlier, based on the pure 
numerical analysis, see B. Holdom, Phys. Lett. B 150, 301 (1985). 
[7] T. Appelquist and G. Triantaphyllou, Phys. Lett. B 278, 345 (1992); R. Sundrum and S. D. H. Hsu, Nucl. Phys. B 391, 

127 (1993); T. Appelquist and F. Sannino, Phys. Rev. D 59, 067702 (1999). 
[8] M. Harada, M. Kurachi and K. Yamawaki, Prog. Theor. Phys. 115, 765 (2006); M. Kurachi and R. Shrock, Phys. Rev. D 

74, 056003 (2006); M. Kurachi, R. Shrock and K. Yamawaki, Phys. Rev. D 76, 036003 (2007). 
[9] S. Dimopoulos and L. Susskind, Nucl. Phys. B 155, 237 (1979); E. Eichten and K. D. Lane, Phys. Lett. B 90, 125 (1980). 
[10] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, Phys. Rev. D 71, 035015 (2005); R. Foadi, S. Gopalakrishna and 
C. Schmidt, Phys. Lett. B 606, 157 (2005); R. S. Chivukula, E. H. Simmons, H. J. He, M. Kurachi and M. Tanabashi, 
Phys. Rev. D 72, 016008 (2005). 
[11] V. A. Miransky and K. Yamawaki, Phys. Rev. D 55, 5051 (1997); Errata, 56, 3768 (1997). 
[12] W. E. Caswell, Phys. Rev. Lett. 33, 244 (1974); T. Banks and A. Zaks, Nucl. Phys. B 196, 189 (1982). 
[13] K. D. Lane and M. V. Ramana, Phys. Rev. D 44, 2678 (1991). 

[14] T. Appelquist, J. Terning and L. C. Wijewardhana, Phys. Rev. Lett. 77, 1214 (1996); T. Appelquist, A. Ratnaweera, 

J. Terning and L. C. Wijewardhana, Phys. Rev. D 58, 105017 (1998). 
[15] V. A. Miransky, M. Tanabashi and K. Yamawaki, Phys. Lett. B 221, 177 (1989); Mod. Phys. Lett. A 4, 1043 (1989); Y. 

Nambu, Enrico Fermi Institute Report No. 89-08, 1989; W. J. Marciano, Phys. Rev. Lett. 62 (1989), 2793; Phys. Rev. 

D41 (1990), 219; W. A. Bardeen, C. T. Hill and M. Lindner, Phys. Rev. D41 (1990), 1647. 
[16] V. A. Miransky, K. Yamawaki, Mod. Phys. Lett. A4, 129-135 (1989). 

[17] K. Matumoto, Prog. Theor. Phys. 81, 277-279 (1989); T. Appelquist, M. Einhorn, T. Takeuchi, L. C. R. Wijewardhana, 

Phys. Lett. B220, 223 (1989). 
[18] S. Matsuzaki and K. Yamawaki, Prog. Theor. Phys. 127, 209 (2012). 
[19] S. Matsuzaki and K. Yamawaki, Phys. Rev. D 85, 095020 (2012). 
[20] S. Matsuzaki and K. Yamawaki, arXiv: 1206.6703 [hep-ph]. 

[21] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 710, 49 (2012) S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. 
B 710, 26 (2012). 

[22] R. S. Chivukula, P. Ittisamai, E. H. Simmons and J. Ren, Phys. Rev. D 84, 115025 (2011). 

[23] M. Hashimoto and K. Yamawaki, Phys. Rev. D 83, 015008 (2011). 

[24] E. Eichten and K. D. Lane, Phys. Lett. B 90, 125 (1980). 

[25] M. E. Peskin, Nucl. Phys. B 175, 197 (1980). 

[26] S. Chadha and M. E. Peskin, Nucl. Phys. B 187, 541 (1981). 

[27] H. Pagels and S. Stokar, Phys. Rev. D 20, 2947 (1979). 

[28] J. Wess and B. Zumino, Phys. Lett. B 37 (1971) 95; E. Witten, Nucl. Phys. B 223, 422 (1983). 

[29] R. Casalbuoni, S. De Curtis, N. Di Bartolomeo, D. Dominici, F. Feruglio and R. Gatto, Phys. Lett. B 285, 103 (1992). 
[30] M. Soldate and R. Sundrum, Nucl. Phys. B 340, 1 (1990); R. S. Chivukula, M. J. Dugan and M. Golden, Phys. Rev. D 

47, 2930 (1993); M. Harada and K. Yamawaki, Phys. Rept. 381, 1 (2003). 
[31] [LEP Higgs Working Group for Higgs boson searches and ALEPH and DELPHI and L3 and OPAL Collaborations], 

|hep-ex/0107031; T. Aahonen et al. [CDF CoUaboration], Phys. Rev. Lett. 103, 101803 (2009); V. M. Abazov et al. 

[bo CoUaboration], Phys. Lett. B 682, 278 (2009); G. A ad et al. [ATLAS Collaboration], arXiy: 1204,27 60 [hep-ex]; 

S. Chatrchyan et al. [CMS Collaboration], larXiv:1205. 57361 [hep-ex]. 
[32] S. Dittmaier et al. [LHC Higgs Cross Section Working Group Collaboration], arXiv:1101.059 3^ [hep-ph]: LHC Higgs Cross 

Section Working Group et al., arXiv:1201.3084 [hep-ph]. 
[33] The ATLAS Collaboration, ATLAS-CONF-2011-132. 

[34] The CMS Collaboration, CMS PAS TOP- 11-009. 

[35] S. Chatrchyan et al. [CMS Collaboration] . larXiv:1203.6810l [hep-ex] : G. Aad et al. [ATLAS Collaboration], larXiv: 1205.20671 
[hep-ex] . 

[36] R. S. Chivukula, R. Rosenfeld, E. H. Simmons and J. Terning, In *Barklow, T.L. (ed.) et al.: Electroweak symmetry 

breaking and new physics at the TeV scale* 352-382 hep-ph/950320j. 
[37] G. Aad et al. [The ATLAS Collaboration], arXiv:0901.0512 [hep-ex]. 

[38] J. Pumphn, D. R. Stump, J. Huston, H. L. Lai, P. M. Nadolsky and W. K. Tung, JHEP 0207, 012 (2002). 



